Diversification of cone pigment spectral sensitivities during evolution is a prerequisite for the development of color vision. Previous studies have identified two naturally occurring mechanisms that produce variation among vertebrate pigments by red-shifting visual pigment absorbance: addition of hydroxyl groups to the putative chromophore binding pocket and binding of chloride to a putative extracellular loop. In this paper we describe the use of two blue-shifting mechanisms during the evolution of rodent long-wave cone pigments. The mouse green pigment belongs to the long-wave subfamily of cone pigments, but its absorption maximum is 508 nm, similar to that of the rhodopsin subfamily of visual pigments, but blue-shifted 44 nm relative to the human red pigment, its closest homologue. We show that acquisition of a hydroxyl group near the retinylidene Schiff base and loss of the chloride binding site mentioned above fully account for the observed blue shift. These data indicate that the chloride binding site is not a universal attribute of long-wave cone pigments as generally supposed, and that, depending upon location, hydroxyl groups can alter the environment of the chromophore to produce either red or blue shifts.
Visual pigments differ between species and between different photoreceptor cells within the same species in their wavelengths of maximal absorption. This diversity of visual pigment absorption spectra is determined by interactions between the 11-cis-retinal chromophore and the particular opsin to which it binds, or in rare instances by the alternate use of an 11-cis-dehydroretinal chromophore (1) . Among vertebrate visual pigments that use 11-cis-retinal, absorption maxima have been identified throughout the wavelength interval from 360 nm (2, 3) to 570 nm (4) . Sequencing of visual pigments from diverse species shows a limited range of wavelengths of maximal absorption among members of each of the three major branches of the visual pigment family: the short-wave subfamily absorbs maximally at wavelengths less than 500 nm, the rhodopsin subfamily absorbs maximally at wavelengths near 500 nm, and the long-wave subfamily absorbs at wavelengths greater than 500 nm (5) (6) (7) .
Experiments with retinal and its derivatives in solution have led to a number of plausible mechanisms for spectral tuning in visual pigments (8) (9) (10) (11) . The two photochemical properties of retinal that are most relevant are the shift in absorption maximum from 360 nm to 440 nm upon formation of a protonated Schiff base (12, 13) and the increase in -electron delocalization and the concomitant change in dipole moment that accompanies photoexcitation (14, 15) . Therefore, amino acids from the apoprotein that alter the polarity, polarizability, or charge density around either the conjugated -electron system or the retinylidene Schiff base would be expected to shift the absorption spectrum of the pigment. In keeping with these models, sequence comparisons and spectroscopic studies of site-directed mutants have identified a glutamate counterion that is present in all vertebrate photoreceptor pigments sequenced to date and is required for protonation of the retinylidene Schiff base (16) (17) (18) , and three positions where increases in side-chain polarity lead to red shifts of 5-14 nm that together account for most of the variation in absorption maxima among previously characterized members of the longwave subfamily (19) (20) (21) (22) . A third red-shifting mechanism involves an interaction between chloride and a histidine in the second putative extracellular loop in members of the longwave pigment subfamily (23) (24) (25) (26) (27) (28) ; the mechanistic basis of the chloride effect is unclear.
Like other nonprimate mammals, rodents have only two types of cone pigments, one resembling the human blue pigment (ref. 29 ; the short-wave subfamily) and the other presumed to resemble the human green and red pigments (the long-wave subfamily). The spectral sensitivities of the two corresponding cone types in the mouse retina show maxima at 360 nm and 510 nm as determined by electroretinography (3). Similar maxima are observed in gerbils, gophers, and rats. An absorption maximum of 510 nm makes the mouse green pigment the most blue-shifted member of the long-wave subfamily described to date. In this paper we report the amino acid sequence of the mouse green pigment and show by site-directed mutagenesis experiments that two spectral tuning interactions account for the difference in absorption maximum that distinguishes it from other members of the long-wave subfamily.
MATERIALS AND METHODS
cDNA Cloning. cDNA clones encoding the mouse green pigment were isolated by low-stringency hybridization of a Lambda ZAP (Stratagene) mouse eye cDNA library (A. Lanahan, H.S., and J.N., unpublished results) using a human red pigment cDNA as probe (5) .
In Situ Hybridization. Digoxigenin in situ hybridization was performed as described in ref. 30 . The probes consisted of a full-length mouse green pigment cDNA or a segment of macaque rhodopsin cDNA as described in ref. 31 .
Creation of Chimeric Genes and Site-Directed Mutagenesis. Chimeric genes were created using an in vivo recombination method (32) . In brief, a plasmid containing the two visual pigment coding regions in a head-to-tail tandem arrangement was propagated in a strain of Escherichia coli that is proficient in homologous recombination. Incubation with a restriction enzyme that cleaves only at a site between the two coding regions followed by transformation of the resulting DNA molecules enriches for those recombinants that have eliminated the restriction site by homologous recombination between the tandem coding regions. Chimeric junctions were
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determined by PCR using gene-specific primers and by DNA sequencing. Site-directed mutagenesis was performed using PCR. All DNA segments that were subjected to mutagenesis were sequenced to rule out spurious mutations.
Reconstitution of Visual Pigments. Production of visual pigments from transfected 293 cells was performed as described in ref. 33 except that the cells were harvested 36 hr after transfection and the membrane pellets were solubilized in 1% rather than 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). Spectra were obtained from membranes harvested from 20 10-cm plates of transfected 293 cells. To study the effect of iodide on the absorption spectra, 140 mM NaI was used instead of 140 mM NaCl in the 4% BSA solution through which the membranes were centrifuged to remove free retinal and in the CHAPS solution used to solubilize the final membrane pellet.
Absorption Spectra. Measurement of photobleaching difference absorption spectra, data analysis, and determination of absorption maxima were performed as described (33) except that for photobleaching the sample was exposed for 5 min using a 550-nm narrow band-pass filter. The rhodopsin spectra were determined in the presence of 50 mM hydroxylamine. To improve the signal-to-noise ratio, photobleaching difference spectra were calculated from averages of four prebleach and four postbleach spectra. The absorption maximum for each spectrum was determined by calculating the best-fitting fifthorder polynomial, and it is accurate to within 1-2 nm.
RESULTS
To investigate the molecular basis for the extreme blue shift in the mouse green pigment, we determined the amino acid sequence of this pigment by analyzing cloned cDNA. The identity of the corresponding mRNA was confirmed by localizing it to mouse photoreceptors by in situ hybridization ( Fig.  1c) and by functional expression (Fig. 2a) . As expected for cone pigment hybridization in a rod-dominant retina, the in situ hybridization pattern shows that a subset of photoreceptor cell bodies contains the mouse green pigment transcript. In contrast, uniform labeling is seen with a rhodopsin probe. When expressed in transfected cells and reconstituted in vitro with 11-cis-retinal, the mouse green pigment reveals a photobleaching difference spectrum with an absorption maximum at 508 nm, in good agreement with the value of 510 nm determined by electroretinography (3) . Surprisingly, the amino acid sequence of the mouse green pigment ( Fig. 1 a and b) more closely resembles the human red pigment (absorption maximum 552 nm or 557 nm for the A 180 or S 180 polymorphic variants, respectively) than the human green pigment (absorption maximum 530 nm; refs. 5, 19, 20, 22) . In particular, the mouse green pigment shares with the human red pigment Y 277 and T 285 , residues that differ between human red and green pigments and that together account for 21 nm of the red shift that distinguishes the human red and green pigments (19) (20) (21) (22) . At position 180, the third position that plays a major role in human red and green pigment spectral differences, the mouse green pigment has an alanine, as does the human green pigment and the 552-nm variant of the red pigment. Thus, the mouse green pigment is blue-shifted 44 nm relative to the human red (A 180 ) pigment, with which it shares the greatest similarity. To identify the residues that account for the spectral sensitivity of the mouse green pigment, we constructed chimeras between it and the human red (A 180 ) pigment (Fig. 1d) . Each of the five chimeras in which mouse sequences were aminoterminal to human sequences produced a photolabile pigment upon incubation with 11-cis-retinal, whereas four of five chimeras with the converse arrangement failed to produce a pigment. The failure of chimeric or mutant pigments to form a photolabile pigment is presumed to reflect protein instability or an inability to stably bind 11-cis-retinal; for simplicity we shall refer to these as unstable pigments. Comparisons of the absorption spectra of the parental and chimeric pigments point to two small regions as the sole determinants of the 44-nm difference in the absorption maxima of the mouse green and human red (A 180 ) pigments (Fig. 2) . (Fig. 1b) . These regions are responsible for spectral shifts of approximately 26 nm and 20 nm, respectively.
Comparison of the mouse green pigment amino acid sequence with the sequences of other long-wave pigments suggests that a loss of chloride sensitivity (23) (24) (25) (26) (27) could account for the blue shift produced by sequence differences in the second extracellular loop. The mouse green pigment is the only member of the long-wave subfamily of visual pigments sequenced to date that does not have a histidine at position 197 in the second extracellular loop, a residue which has been shown by site-directed mutagenesis to mediate a chloridedependent red shift of 30 nm in the human long-wave family (28) . This residue is presumed to account for the 10-to 30-nm chloride-dependent red shift observed in long-wave pigments from other animals. In the photoreceptor cell and under standard in vitro conditions, the pigment is exposed to saturating concentrations of chloride, leading to the full red shift. Fig. 2f shows that the mouse green pigment differs from other pigments in the long-wave subfamily in that its spectrum is not changed upon replacement of chloride by iodide, an anion that does not produce a chloride-type red shift (23) (24) (25) (26) (27) . To determine whether this difference in spectral behavior could be attributed solely to a difference at residue 197, we examined the properties of single amino acid substitution mutations at this position. When Y 197 in the mouse green pigment was replaced by histidine (Y197H), the corresponding amino acid in the human red (A 180 ) pigment, the resulting pigment was unstable. However, the converse mutation, H197Y in the human red (A 180 ) pigment, generated a functional pigment with a 28-nm blue shift (Fig. 2c) , a spectral shift that can fully account for the difference in absorption maxima between chimeras m-green͞h-red(185) and m-green͞h-red(235), and consistent with the earlier work of Wang and colleagues (28) .
Within the region defined by chimeras m-green͞h-red(298) and m-green͞h-red(309), positions 305 and 308 are highly conserved among long-wave pigments but differ in the mouse green pigment ( Fig. 1; refs. 5-7) . Mutation of these residues in the human red (A 180 ) pigment to the corresponding residues from the mouse green pigment shows that A305S does not produce a spectral shift (data not shown) and that A308S causes the pigment to be unstable. However, when the A308S and H197Y mutations were introduced together into the human red (A 180 ) pigment, the double mutant formed a functional pigment with an absorption maximum indistinguishable from that of the mouse green pigment (Fig. 2c) . Thus, sequence differences at positions 197 and 308 can fully account for the 44-nm spectral difference between the mouse green pigment and the human red (A 180 ) pigment. In agreement with this conclusion, mutation S308A in the mouse green pigment produced an 18-nm red shift (Fig. 2d) , which corresponds to the difference in absorption maxima between chimeras mgreen͞h-red(298) and m-green͞h-red(309).
With respect to pigment instability, an interesting pattern emerged from testing the four possible single-and doublesubstitution mutants at positions 197 and 308 in both the mouse green and human red ( A 180 ) . Functional pigments are observed whenever position 197 is occupied by tyrosine. However, when position 197 is occupied by histidine, only the red (A 180 ) pigment with alanine at position 308 is stable. Although we cannot offer a structural explanation for this pattern of pigment instability, it suggests an intimate relationship between the chloride binding site at position 197 and the spectral tuning residue at position 308.
The 18-nm blue shift produced by introduction of serine at position 308 appears to be independent of and additive with spectral shifts produced by substitutions at positions 277 and 285, the two most significant positions for producing the spectral separation between human red and green pigments. This was demonstrated for the mouse green pigment by introducing mutations Y277F and T285A, which together produce a blue shift of 21 nm in the human red pigment (19, 21, 22) . As seen in Fig. 2d , the Y277F͞T285A double mutation produces blue shifts of 20 or 21 nm in mouse green pigments that carry A 308 or S 308 , respectively. The Y277F͞T285A mutant of the mouse green pigment, with a maximal absorption at 487 nm, is the most blue-shifted member of the long-wave subfamily produced to date.
Position 308 is located one helical turn from K 312 , the site of the retinylidene Schiff base, suggesting that the hydroxyl group of S 308 may stabilize the protonated Schiff base, thereby decreasing -electron delocalization in the attached 11-cisretinal and producing a higher energy gap between the ground and photoexcited states-i.e., a blue shift (14, 15) . This stabilization could occur through a hydrogen bond between S 308 and the protonated retinylidene Schiff base, as depicted in Fig.  3 , or by stabilization of the interaction between the retinylidene Schiff base and its counterion, E 129 (equivalent to E 113 in bovine rhodopsin; refs. [16] [17] [18] . Both models are consistent with earlier work on retinal derivatives in solution (8) (9) (10) .
The sulfhydryl group of cysteine has a weaker dipole moment and is a weaker hydrogen bond acceptor than is the hydroxyl group of serine. Therefore, one prediction of the charge stabilization model described above is that the introduction of cysteine at position 308 should produce little or no (d) In the mouse green pigment, the blue shift produced by S 308 and the red shifts produced by Y 277 and T 285 are independent and additive. (e) Serine but not cysteine at position 292 in bovine rhodopsin produces a blue shift. (f) The absorption spectrum of the mouse green pigment is unaffected by the substitution of NaI for NaCl. Note that to compare absorption maxima in terms of photoexcitation energy differences, one should convert these values to a frequency scale (i.e., wavelength Ϫ1 ); for the range of absorption maxima considered here the comparison of wavelengths approximates the energy difference to within 10%. spectral shift, despite its similarity in size to serine. The most direct test of this prediction could not be performed because the C 308 mutants of the human red (A 180 ) and mouse green pigments were found to be unstable (data not shown). However, we found that the corresponding mutation could be studied using the more stable rod pigment, rhodopsin (Fig. 2e) . Bovine rhodopsin has alanine at position 292 (34) , which corresponds to position 308 in the long-wave pigments. In bovine rhodopsin, substitution A292S produces a blue shift of 10 nm, whereas substitution A292C produces no spectral shift. This result implies that the blue shift produced by S308 is related to its side-chain polarity or hydrogen bonding potential rather than its size, consistent with the model described above.
DISCUSSION
The experiments reported here define an evolutionary pathway for spectral tuning in which the present-day mouse green pigment appears to have evolved from an ancestral red pigment by a two-step mutational pathway involving substitutions H197Y and A308S. In this evolutionary pathway, the loss of a chloride binding site by substitution H197Y can be regarded as a loss-of-function mutation, whereas the acquisition of a blue-shifting hydroxyl group by substitution A308S can be regarded as a gain-of-function mutation. An alternative view in which the mouse green pigment is considered an ''intermediate'' species that has yet to acquire a chloride binding site seems unlikely in view of the widespread existence of the chloride binding site in vertebrate long-wave pigments, including those of birds, fish, and amphibia (23) (24) (25) (26) (27) , and the corresponding presence of histidine at position 197 in these pigments (5) (6) (7) 35) . The proposed tuning mechanisms, together with those previously defined in the human red and green pigments, extend the range of spectral sensitivities that can be accommodated within the long-wave subfamily to include absorption maxima as low as 487 nm (the mouse green pigment carrying the Y277F and T285A mutations), a range that largely overlaps that of the rhodopsin subfamily (Fig. 4) . At the long-wave end of the spectrum, retinal-based pigments in this subfamily have been documented with absorption maxima as high as 570 nm (chicken iodopsin; ref. 4) , and the use by some organisms of dehydroretinal produces long-wave pigments with absorption maxima as high as 620 nm (1) . Thus, pigments within the long-wave subfamily can exhibit a range of at least 130 nm in absorption maxima, permitting an evolutionary plasticity that has been exploited in different ways among vertebrates (37, 38) .
